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a  b  s  t  r  a  c  t
High-pressure  (HP)  maﬁc  granulites  in the  Jiaobei  terrane  are  composed  predominantly  of garnet  maﬁc
granulites,  garnet–hypersthene  granulites,  and  garnet  amphibolites,  and  they are  found  as  irregular
lenses  or  deformed  dike  swarms  within  tonalitic–trondhjemitic–granodioritic  gneisses  and  granitic
gneisses.  The  HP  maﬁc  granulites  contain  four  distinct  metamorphic  assemblages,  of  which  the  early
prograde  assemblage  (M1) is  represented  by  the  cores  of  garnets,  together  with  mineral  inclusions  of
clinopyxene  +  plagioclase  ± quartz,  and  it formed  at 740–770 ◦C and  0.90–1.00  GPa.  In contrast,  the peak
assemblage  (M2) consists  of  high-Ca  cores  in  garnet,  high-Al  cores  in  clinopyroxene,  and high-Na  cores
in  plagioclase  in  the  matrix,  which  formed  under  P–T  conditions  of 850–880 ◦C  and  1.45–1.65  GPa.  The
peak  metamorphism  was  followed  by near-isothermal  decompression  (M3),  which  resulted  in  the devel-
opment  of  orthopyroxene  + clinopyxene  + plagioclase  ±  quartz  ±  amphibole  ± magnetitie  symplectites  or
coronas  surrounding  some  garnet  grains,  with  P–T  conditions  of  780–830 ◦C and  0.65–0.85  GPa. Sur-
rounding  some  garnet  grains  are symplectites  of  amphibole  + plagioclase  +  quartz  ±  magnetitie,  which
formed  during  a cooling  retrograde  stage  (M4) with  P–T conditions  of  590–650 ◦C  and  0.62–0.82  GPa.
An  integrated  study  involving  laser  Raman  analysis  of  mineral  inclusions,  cathodoluminescence  imag-
ing,  and  in  situ U–Pb  dating  of  zircons  shows  that  the protolith  ages  of the  HP maﬁc  granulites  are
mainly  2550–2500  Ma, and  that  the  timing  of  the  peak  metamorphism  of the HP  maﬁc  granulites
ranges  from  1900  to  1860  Ma,  as  recorded  by  the  cores  of  metamorphic  zircons.  On  the other  hand,  the
medium-  to low-pressure  granulite–amphibolite  facies  retrogression  occurred  mainly  at  1860–1820  Ma,
as  recorded  by the  rims  of some  single  zircon  grains  and  the  zircon  grains  that  contain  inclusions  of
garnet  +  orthopyroxene  +  plagioclase  +  sphene.  The  combination  of petrography,  mineral  compositions,
metamorphic  reaction  history,  thermobarometry,  and  geochronology  deﬁnes  a near-isothermal  decom-
pressional  clockwise  P–T–t  path  for the  Jiaobei  HP  maﬁc  granulites,  suggesting  that  the  Jiaobei  terrane
underwent  initial  crustal  thickening  during  1950–1860  Ma, followed  by relatively  rapid  exhumation,
cooling,  and  retrogression  in  the  period  1860–1820  Ma.  This  tectonothermal  path  was  probably  generated
on-re
.by  subduction  and  collisi
. Introduction
High-pressure (HP) granulites are exposed in a number of col-
isional orogens ranging in time from Archean (e.g. Belomorian
ectonic province; Mints et al., 2010) to Cenozoic (e.g. Himalayas;
iu and Zhong, 1997). In general, HP maﬁc granulites are char-
cterized by the stable mineral assemblage of Grt + Pl + Cpx + Qz
in Qz-normative basic rocks) with subordinate minerals such as
mphibole and rutile depending on the activity of H2O and bulk
omposition, respectively (abbreviations are after Whitney and
∗ Corresponding author at: Institute of Geology, Chinese Academy of Geological
ciences,  26 Baiwanzhuang Road, Beijing 100037, China. Tel.: +86 10 15011557374;
ax:  +86 10 68994781.
E-mail address: lph1213@126.com (P. Liu).
301-9268 ©  2013 Elsevier B.V. 
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Open access under CC BY-NC-ND license.lated  tectonic  processes.
© 2013 Elsevier B.V. 
Evans, 2010), whereas HP felsic and pelitic granulites consist mainly
of Grt + Ky + Pl + Kfs + Qz. HP granulites are mineralogically and
texturally complex, and they document numerous metamorphic
reactions and derivative processes that provide important insights
into the tectonothermal evolution of metamorphism. Although
HP granulite-facies metamorphism is generally accepted as the
product of regional crustal orogenesis, there is still controversy
concerning the genetic relations between the P–T–t paths of the
HP granulites and related rocks, their tectonic settings, and geo-
dynamic models. HP granulites have been recognized in at least
two distinct tectonic settings. Some formed in overthickened
crust with large-scale thrusting in collisional orogens such as the
Open access under CC BY-NC-ND licenseVariscides (e.g. Carswell and O’Brien, 1993; O’Brien, 2008; refer-
ences therein), the Grenville Province (e.g. Indares, 1995, 1997;
Indares and Dunning, 2001), the Snowbird tectoninc zone (e.g.
Baldwin et al., 2003, 2007; references therein), and the Hengshan
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Fig. 1. Tectonic framework of the NCC showing the location of the HP granulites and JLJB in the Eastern Block (after Zhao et al., 2005, 2011). 1, Zhou et al. (2010). 2, Wei  et al.
(2001).  3–5, Ma and Wang (1995) and Li et al. (1998a). 6–9, Zhai et al. (1993, 1996), Guo et al. (2002, 2005), Liu et al. (2002), Zhang et al. (2006a) and Wang et al. (2011b).
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b0–13, Wang et al. (1991), Zhao et al. (2000, 2001b), O’Brien et al. (2005) and Zhang
iu et al. (1998), Zhou et al. (2004), Liu et al. (2010) and Tam et al. (2012a,c). 20, Lee
nd Sanggan Complex of the North China Craton (NCC) (e.g. Zhao
t al., 2001b; Guo et al., 2002, 2005). These HP granulites charac-
eristically record the entire plate-tectonic process that includes
ubduction, collision, and exhumation. In contrast, it has been sug-
ested that some HP granulites represent crustal thickening and a
ubsequent exhumation that were achieved by virtue of homoge-
eous, fold-dominated deformation of hot crustal domains in an
rogenic belt (Schulmann et al., 2002, 2008; Sˇtípská  et al., 2004;
itra et al., 2010), and that such HP granulites do not indicate
hrust-dominated tectonics. It is necessary, therefore, to document
n detail the metamorphic history and tectonic setting of HP gran-
lites, as in the Jiaobei terrane of the North China Craton (NCC), in
rder to clarify the processes involved.
A remarkable progress has been made in the study of HP gran-
lites and HP amphibolites in the NCC over the last couple of
ecades (Wang et al., 1991, 2011b; Guo et al., 1993, 1998, 2001,
002, 2005; Zhai et al., 1993, 1996; Geng and Ji, 1994; Ma  and
ang, 1995; Li et al., 1998a,b; Liu et al., 1998, 2002; Wei  et al.,
001; Zhao, 2001, 2009; Zhao et al., 2001a,b, 2002, 2003; Li et al.,
005a,b, 2011a,b, 2012; Zhai, 2004a,b, 2009; Zhou et al., 2004,
010; O’Brien et al., 2005; Zhang et al., 2006a,b; Liu et al., 2010; Zhai
nd Santosh, 2011; Zhao and Zhai, 2013; and references therein).
he HP granulites of the NCC are exposed predominantly in the
aleoproterozoic Trans-North China Orogen (TNCO), and include
he Jianping, Chengde, Huai’an, and Hengshan HP granulites (Fig. 1).
o far, research on the HP granulites of the NCC has been focused
n the middle and northern segments of the TNCO, but little work
as been done on HP granulites of the Jiaobei area in the southeast-
rn part of the NCC, though Li et al. (1997) and Lu (1998) discussed
he signiﬁcance of the HP metamorphism of the Jiaobei maﬁc gran-
lites.It is widely accepted that the NCC witnessed HP granulite-
acies metamorphism between 1950 and 1850 Ma, during which
ontinent–continent collision occurred to form a uniﬁed cratonic
asement (Zhao et al., 2005, 2011, 2012; Zhai and Santosh, 2011;(2006b). 14, Zhao et al. (2000) and Yu et al. (2001). 15–16, Xiao et al. (2011). 17–19,
 (2000).
Zhao  and Zhai, 2013; and references therein). However, it has been
noted that the HP granulites might also have experienced ret-
rogressive metamorphism following the peak HP granulite-facies
metamorphism, as suggested by the complex genetic types of zir-
cons present in these rocks. Thus, it is difﬁcult to determine whether
or not the U–Pb zircon ages of 1950–1850 Ma represent the timing
of the peak HP granulite-facies metamorphism.
In this paper, we present detailed textural and mineralogical
data for the HP maﬁc granulites in the Jiaobei area. Using ther-
mobarometry, we estimate the P–T conditions for the different
metamorphic assemblages of the HP maﬁc granulites. In addition,
we report the results of a detailed geochronological investigation,
including identiﬁcation of mineral inclusions, analyses of cathodo-
luminescene (CL) images, and precise LA-ICP-MS U–Pb dating of
zircons. In combination with the ﬁeld relationships of the HP  maﬁc
granulites and their adjacent rocks, our results place new con-
straints on the nature of the HP granulite-facies metamorphism and
the tectonic evolution of the Jiaobei terrane in the Eastern Block of
the NCC.
2.  Geologic setting
2.1.  Regional setting
The  NCC (Fig. 1) outcrops over an area of >300,000 km2, pre-
serves evidence of a long and complex history of crustal evolution
and cratonization history, and is an ideal natural laboratory for
the investigations of Precambrian subduction–accretion–collision
tectonics.  It is generally accepted that the NCC formed by the
∼1850 Ma  collisional amalgamation of the Eastern and the West-
ern Blocks along the TNCO (Fig. 1; Zhao et al., 1998, 1999, 2000,
2001a,b, 2002, 2003, 2005, 2010, 2011, 2012; Zhao, 2001, 2009;
Wilde et al., 2002; Guo et al., 2005; Kröner et al., 2005, 2006; Zhang
et al., 2007, 2009; Lu et al., 2008; Li et al., 2010; Wang et al., 2010b;
Liu et al., 2011a; Zhao and Zhai, 2013), although other models for
P. Liu et al. / Precambrian Research 233 (2013) 237– 258 239
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lFig. 2. Simpliﬁed geological map  showing the geological sett
he formation and evolution of the NCC have also been proposed
Wu et al., 1998; Zhai et al., 2000a,b, 2001, 2005, 2010; Zhai and
iu, 2003; Kusky and Li, 2003; Zhai, 2004a, 2009; Santosh et al.,
006, 2010, 2012, 2013; Faure et al., 2007; Kusky et al., 2007; Li and
usky, 2007; Trap et al., 2007, 2012; Zhai and Peng, 2007; Wang,
009; Wang et al., 2010c; Zhai and Santosh, 2011; Kusky, 2011).
he TNCO is 100–300 km wide and ∼500 km long, and contains a
orthern area of voluminous HP granulites and retrograde eclog-
tes with near-isothermal decompression-type clockwise P–T paths
Fig. 1; Zhai et al., 1993, 1996; Zhai, 2009). The presence of these
P maﬁc rocks is considered as robust evidence for continental col-
ision between the Eastern and Western Blocks to form the TNCO
Zhao et al., 2001b, 2011, 2012; Guo et al., 2002, 2005; Zhang et al.,
006b; Zhao, 2009; Zhao and Zhai, 2013).
The Paleoproterozoic Jiao–Liao–Ji Belt (JLJB) is located in the
astern Block, and subdivides the block into the Longgang and
angrim Blocks (Fig. 1; Zhao et al., 2005). The JLJB is a nearly
orth–south trending zone that extends for about 1200 km from the
outhern Jilin, through the Liaodong peninsula, into the Jiaodong
eninsula, and with a width of 100–200 km.  It consists of green-
chist to lower amphibolite facies and rarely granulite facies
edimentary and volcanic successions, with associated granitic and
aﬁc intrusions. The sedimentary and volcanic successions include
he Macheonayeong Group in North Korea, the Ji’an and Laoling
roups in the southern Jilin, the North and South Liaohe Groups in
he eastern Liaoning peninsula, the Fenzishan and Jingshan Groups
n the Jiaobei terrane, and the Wuhe Group in the Anhui Province
Fig. 1). These groups have similar transitional stratigraphic suc-
essions from a basal clastic-rich sequence and a lower bimodal
olcanic sequence, through a middle carbonate-rich sequence, to
n upper pelite-rich sequence (Li et al., 2001, 2003, 2004a,b, 2005,
006, 2011a, 2012; Luo et al., 2004, 2006, 2008; Zhao et al., 2005;
u et al., 2004, 2005, 2006; Li and Zhao, 2007; Zhou et al., 2008b;
am et al., 2011, 2012a,b,c).Associated  with sedimentary and volcanic successions are maﬁc
ntrusions and granitoids. The maﬁc intrusions are dominated
y dolerites and gabbros metamorphosed from greenschist and
ower amphibolite facies (Zhao et al., 2005; Li and Zhao, 2007),the HP granulites in the Jiaobei terrane (after Lu et al., 1996).
while  the granitoids include pre-tectonic monogranitic gneisses
and post-tectonic alkaline syenites, rapakivi granites and por-
phyritic monzogranites, exposed in the southern Jilin and eastern
Liaoning areas. Available geochronological data show that majority
of the sedimentary–volcanic successions and pre-tectonic granitic
gneisses in the JLJB were formed around 2200–2000 Ma, and
were metamorphosed and deformed at ∼1910 Ma,  while the post-
tectonic porphyritic monzogranites and alkaline syenites were
emplaced at 1860–1840 Ma  (Luo et al., 2004; Zhao et al., 2005; Lu
et al., 2006; Li and Zhao, 2007).
2.2. Jiaobei terrane
The  Jiaobei terrane is exposed in the southern segment of
the JLJB in the Eastern Block of the NCC (Fig. 1), bordered
by the Bohai Sea in the north, the West Shandong terrane
in the west, and with the Tan–Lu Fault forming the junction
between the Jiaobei terrane and the Sulu HP to ultrahigh-
pressure (UHP) orogenic belt to the southeast, and bounded
by the Yantai–Qingdao–Wulian Fault (Fig. 2). The terrane is
mainly composed of early Precambrian basement rocks, Neopro-
terozoic Penglai Group, Mesozoic sedimentary rocks, and local
voluminous Mesozoic igneous intrusions (Fig. 2). The early Precam-
brian rocks mainly consist of tonalitic–trondjhemitic–granodioritic
(TTG)  and granitic gneisses, metamorphic BIF-bearing supracrustal
rocks (named Tangjiazhuang Group and Jiaodong Group), the
Paleoproterozoic Khondalite Series (named Jingshan Group and
Fenzishan Group), and some lenses or sheets of metamorphic
maﬁc–ultramaﬁc rocks.
The  TTG and granitic gneisses are widely exposed in the
Jiaobei terrane from northern Qixia to southern Laixi–Laiyang.
They are characterized by a strong ductile deformation, mylonitic
fabrics, extensive migmatization, and granulite facies metamor-
phism, and have segregations of light-colored granitic material
(leucosome) within dark colored amphibole, biotite, and pyroxene-
rich layers. The recently available high-precision geochronological
data suggest that the Jiaobei TTG and granitic gneisses formed
around ∼2900, 2750–2700, 2550–2500, and ∼2100 Ma,  and that
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hey record two high-grade metamorphic events at ∼2500 and
1860 Ma,  respectively, for the TTG and granitic gneisses (Tang
t al., 2007; Jahn et al., 2008; Zhou et al., 2008a; Liu et al., 2011b,
013a; Wan  et al., 2011).
The  widespread Paleoproterozoic Khondalite Series in the
iaobei terrane is composed of the Jingshan and Fenzishan Groups,
hich uncomformably overlie the Archean banded orthogneisses.
he Jinshan Group has been divided into two lithological assem-
lages: Al-rich gneisses and marbles. The Al-rich gneisses are
ainly Sil–Grt–Bt schist–gneisses, quartzo–feldspathic gneisses,
nd Bt leptynites. There are also some intercalations of amphibo-
ite and maﬁc granulite. The marbles contain serpentine marble
nd dolomitic marble with thin layers and lenses of amphibo-
ite. SHRIMP zircon U–Pb apparent 207Pb/206Pb ages, obtained
rom detrital zircons in the Jinshan Group, range from 2900 to
100 Ma,  with metamorphic zircons in some samples recording
pparent 207Pb/206Pb ages of 1950–1800 Ma  (Wan  et al., 2006;
hou et al., 2008b; Liu et al., 2011d; Tam et al., 2011). The
enzishan Group, chieﬂy found in Miaohou and Menlou within
he Qixia area, and Fenzishan within the Laizhou area, con-
ists of serpentine and dolomitic marbles, Bt leptynites, Sil–Bt
chist–gneisses, and arkose–quartzites, all of which record an
pper greenschist to low amphibolite-facies metamorphism. Wan
t al. (2006) reported SHRIMP zircon U–Pb apparent 207Pb/206Pb
ges from detrital zircons in the Fenzishan Group that range
rom 2800 to 2200 Ma,  and with metamorphic zircons in the
ame samples recording 1950–1850 Ma 207Pb/206Pb ages, simi-
ar to the events recorded in the Jinshan Group. It is suggested,
herefore, that the Fenzishan and Jinshan groups are the same
nit, but that they underwent different metamorphic histories.
ecent metamorphic studies have also shown that some HP pelitic
ranulites in the Jinshan Group, with peak P–T conditions of
.25–1.62 GPa and 830–890 ◦C, are characterized by assemblages of
rt + Ky + Kfs + Pl + Bt + Rt + Ilm + Qz (Zhou et al., 2004; Wang et al.,
010a; Tam et al., 2012a).
Unconformably  overlying the Paleoproterozoic Fenzishan and
inshan groups is the Neoproterozoic Penglai Group, chieﬂy com-
osed of meta-limestone, slates, and quartzites. The Penglai Group
s exposed mainly in the Penglai area and in the northern part of
he Qixia area. In situ U–Pb ages obtained from detrital zircons in
he Penglai Group range from 1700 to 1100 Ma,  probably indicating
eoproterozoic deposition for the Penglai Group (Li et al., 2007; Chu
t al., 2011). The Mesozoic granitoids that were intruded into the
recambrian metamorphic basement consist of granodiorites and
iotite granites, emplaced mainly at 160–150 Ma  and 130–120 Ma
Miao et al., 1998; Wang et al., 1998; Zhang et al., 2003; Yang et al.,
012).
. The Jiaobei HP maﬁc granulites
Early descriptions of the Jiaobei HP maﬁc granulites come from
ocalities near Nanshankou and Lijiacaopo–Zanggezhuang villages
n the Malingzhuang area, Laixi Country, Shandong Province (Li
t al., 1997; Liu et al., 1998). More recent ﬁeld investigations and in-
epth studies have identiﬁed more than 30 new HP maﬁc granulite
utcrops in the Jiaobei terrane (Liu et al., 2010; Tam et al., 2012c).
ike the HP maﬁc granulites that are exposed in the central TNCO
f the NCC (Zhai et al., 1993; Li et al., 1998b; Zhao et al., 2001b;
uo et al., 2002; O’Brien et al., 2005), the Jiaobei HP maﬁc gran-
lites are widely distributed within the TTG or granitic gneisses
long the Pingdu–Laixi–Qixia belt, and they constitute a HP meta-
orphic belt that trends northeast to southwest and extends for
early 200 km.  The following four types of HP maﬁc granulites are
dentiﬁed on the basis of rock assemblages and their neighboring
ocks in the Jiaobei terrane (Figs. 2 and 3).rch 233 (2013) 237– 258
1.  Irregular lenses of HP maﬁc granulite that range from 0.1 m to
more  than 3.0 m in width and from 0.5 m to more than 20.0 m in
length  within the Archean TTG or granitic gneisses (Fig. 4a and b).
The  long axes of the lenses or boudins are always parallel to the
regional  strike of foliation in the TTG or granitic gneisses. The
strong  ductile deformation and retrogressive metamorphism
often occurs in the rims of the HP maﬁc granulite lenses. This
kind  of HP maﬁc granulite is well exposed in the road-side out-
crop  near Lijiaquan village in the Tingkou area, Qixia country,
and  the lenses may  have been derived from metamorphic basic
intrusive  rocks, including gabbro and doleritic dykes.
2. Deformed parallel dike swarms in the Mazhenkou outcrop of
the  HP maﬁc granulites are found within the deformed TTG or
granitic  gneisses, and they range in width from 0.5 m to more
than  3.0 m,  and in length from 10.0 m to more than 100.0 m
(Fig.  4c). In some outcrops, this type of HP maﬁc granulite
can be seen to have undergone a strong ductile deformation
along with the country rock, and the strongly deformed HP
maﬁc  granulites are always characterized by boudinage. In the
Zhaoyuan  outcrops, especially in the inner part of the HP maﬁc
granulite  dikes, numerous coarse-grained garnet porphyroblasts
occur  with well-preserved symplectitic coronas composed of
Pl + Qz + Amp  (the so-called ‘white socket’ in Chinese literature)
(Fig.  4d).
3. In some places, the strongly retrogressive HP maﬁc granulites,
and  the meta-ultramaﬁc rocks, can be observed within the
same  outcrop, and they are in contact with each other and
occur  within the TTG gneisses. For example, in the Nanlan out-
crops,  Ol–Opx serpentinite (some 2.0 m in width) occurs within
the  inner part of the high-grade metamorphic maﬁc–ultramaﬁc
complex. In contrast, Amp–Opx–Cpx granulites, characterized
by  numerous well-preserved ﬁne-grained symplectitic coronas
of  Cpx + Opx + Pl + Qz, occur in the outer margins of the complex.
4. In some places, a high-grade metamorphic complex of HP  maﬁc
granulites,  banded magnetite quartzites, and supracrustal rocks
forms  lenses within the TTG or granitic gneisses in the Jiaobei
terrane.  For example, in the Yangjiazhai outcrops, the lenses
(some  as big as 2.0 km2) consist of HP maﬁc granulites, banded
magnetite quartzites, and Spl-bearing Ol marbles.
4. Analytical techniques
4.1.  Mineral analyses
Ten  typical HP maﬁc granulite samples from the Jiaobei terrane
were selected for mineral analysis. All mineral analyses were made
with an electron microprobe (JXA-8100) housed at the Department
of Geology, Peking University. Operating conditions were 15 kV
and 10 nA with a point beam with spot size of 1 m.  Natural and
synthetic phases from the SPI Company of the USA  were used as
standards. The data were processed with online ZAF-type correc-
tions.
4.2. Laser Raman and cathodoluminescence (CL) imaging of
zircons
Zircons  from the three HP maﬁc granulites were separated using
standard heavy liquid and magnetic techniques, and then hand-
picked under a binocular microscope in the Mineral Separation
Laboratory of the Institute of Regional Geological Survey in Lang-
fang, Hebei Province. The selected crystals, together with the zircon
standard TEMORA (Black et al., 2003), were embedded in 25 mm
epoxy discs and ground to approximately half their thicknesses.
Mineral inclusions in zircons were identiﬁed by laser Raman spec-
troscopy (RANISHAW RM-1000) at the National Key Laboratory of
P. Liu et al. / Precambrian Research 233 (2013) 237– 258 241
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mig. 3. Geological sketch map  showing the geological setting of the Jiaobei HP maﬁc
rea. (d) Tanggezhuang area.
ontinental Dynamics, Chinese Academy of Geological Sciences,
eijing, China. The analytical results for the mineral inclusions in
ircon are listed in Table S1. The internal zoning of the zircon grains
as revealed by cathodoluminescence (CL) imaging obtained at the
eijing SHRIMP Centre, Chinese Academy of Geological Sciences,
sing a FEI PHILIPSXL 30 SFEG SEM operating at 15 kV accelerating
oltage with a 120 A beam, and a scanning time of 2 min.
.3. Zircon U–Pb LA-ICP-MS analyses
The zircons from the three HP maﬁc granulite samples were
nalyzed for U, Th, and Pb using the LA-ICP-MS facility at the
ianjin Institute of Geology and Mineral Resources, China Geolog-
cal Survey, Tianjin, China. Laser sampling was  performed using
 Newwave UP 213 laser ablation system. All analyses were con-
ucted with a beam diameter of 25 m,  a 10 Hz repetition rate,
nd an energy of 2.5 J/cm. A Thermo Finnigan Neptune MC-ICP-MS
nstrument was used to acquire the ion-signal intensities. Stan-
ards GJ1 and M127 were used during our analyses, and they were
ssessed in two out of every 5–10 analyses. The data were eval-
ated using ICPMSDataCal 3.4. Concordia diagrams and weighted
ean calculations were made using Isoplot/Exver.3. The detailed
perating conditions of the laser ablation system and the MC-ICP-
S instrument and data reduction are identical to the conditions
escribed by Hou et al. (2009).. Petrography
On the basis of microstructures, reaction relations between
ineral phases, and the compositional proﬁles of minerals, fourlites and sample locations. (a) Pantao area. (b) Nanshankou area. (c) Tangjiazhuang
mineral  assemblages are recognized in the Jiaobei HP maﬁc gran-
ulites, including pre-peak prograde assemblages (M1), peak HP
granulite-facies assemblages (M2), a post-peak near-isothermal
decompression granulite-facies assemblage (M3), and a late
amphibolite-facies retrogressive assemblage (M4).
5.1.  Pre-peak prograde assemblage (M1)
Like  most other granulite-facies terranes around the world,
much of the early prograde metamorphic history in the Jiaobei
maﬁc granulites has been lost during subsequent annealing at
the peak stage, and as a result of the post-peak high-temperature
events. The only early prograde textures preserved are represented
by ﬁne-grained inclusions of Cpx + Pl ± Qz within the cores of garnet
porphyroblasts in sample QX9-1 (Fig. 5a and b).
5.2. Peak HP granulite-facies assemblage (M2)
The  peak metamorphic stage preserved in the Jiaobei HP
maﬁc granulites is characterized by the absence of Opx, and
microstructures and mineral assemblages at the peak stage are
similar to those of other HP maﬁc granulites in the NCC. The
peak stage elsewhere in the NCC is typically represented by the
assemblage Grt + Cpx + Pl + Qz, found, for example, in the Sanggan
and Hengshan HP maﬁc granulites (Guo et al., 1998, 2001, 2002;
Zhao et al., 2001b). In the Jiaobei HP maﬁc granulites, the peak
mineral assemblage is preserved as relatively coarse-grained gar-
net, clinopyroxene, plagioclase, and quartz. More speciﬁcally, the
typical Jiaobei peak metamorphic mineral assemblage is charac-
terized by high-Ca cores in garnet, high-Al cores in clinopyroxene,
242 P. Liu et al. / Precambrian Research 233 (2013) 237– 258
Fig. 4. Representative ﬁeld photographs from the Jiaobei area showing the relationships between the HP maﬁc granulites and their country rocks. (a and b) HP maﬁc granulites
as  enclaves preserved in migmatitic TTG gneisses. (c) HP maﬁc granulites as deformed dikes preserved in TTG gneisses. (d) ‘White eye’ texture preserved in Grt amphibolite.
Fig. 5. Representative photomicrographs showing typical textures of HP maﬁc granulites from the Jiaobei area. (a) BSE image and (b) PPL (plane polarized light) image of
Cpx1 + Pl1 as inclusions preserved in Grt. (c) Grt + Cpx2 + Pl as an index HP granulitic mineral assemblage identiﬁed in the matrix of sample QX9-1a, with a symplectite of
Cpx3 + Amp3 + Pl around Grt. Image in PPL. (d) Symplectite of Cpx3 + Amp3 + Pl around Grt. Image in PPL.
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Fig. 6. Photomicrographs showing typical textures of the Jiaobei HP maﬁc granulites (all in plane polarized light). (a) Symplectite of Opx + Pl + Qz + Mag  surrounding Grt. (b)
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Gymplectite of Cpx + Opx + Pl + Qz + Mag  surrounding Grt. (c) Symplectite of Amp  + P
omposed of Amp  + Pl + Qz + Mag  preserved in Grt amphibolite.
nd high-Na cores in plagioclase in the matrix of the HP maﬁc
ranulites (Fig. 5b and d). The mineral assemblage is consistent
ith most others found in HP maﬁc granulites around the world
O’Brien and Rötzler, 2003; O’Brien, 2008; and references therein).
.3. Post-peak near-isothermal decompression granulite-facies
ssemblage (M3)
In the Jiaobei HP maﬁc granulites, symplectites and symplectic
oronas surrounding relict garnets are widespread, and they are
ade up of Opx + Pl ± Cpx ± Amp  ± Mag  ± Ilm ± Qz (Fig. 6a and b).
hese textures represent the M3 metamorphic stage that followed
he peak stage. The symplectitic texture consists of intergrowths
f ﬁne-grained worm-like Opx + Pl ± Cpx ± Amp  ± Mag  ± Ilm ± Qz
round the embayed garnets. Locally, the worm-like symplectites
f Opx + Cpx + Pl seem to have completely resorbed the garnet, in
hich case the symplectite forms a pseudomorph after the gar-
et. These symplectites and coronas have been observed in many
ther granulite-facies terranes where they have been considered
o represent the decompressional process following the peak of
he HP granulite-facies metamorphism (e.g. Harley, 1989; Carswell
nd O’Brien, 1993; Zhao et al., 2001b; Guo et al., 2002; O’Brien
nd Rötzler, 2003). The typical metamorphic reactions between the
ineral phases in the M3 stage are as follows:
rt + Cpx + Qz → Opx + Pl + Mag  (R1)rt + Cpx + Qz + H2O → Opx + Amp  + Pl + Mag (R2)
rt + Cpx2 + Qz + H2O → Opx + Cpx3 + Amp  + Pl + Mag  (R3) + Mag surrounding Grt with coarse-grained Cpx in matrix. (d) “White eye” texture
5.4. Late amphibolite-facies retrogressive assemblage (M4)
In the Jiaobei high- and medium-pressure maﬁc granulites, a
late amphibolite-facies retrogressive stage is represented by ﬁne-
grained symplectites and coronas of Amp  + Pl ± Qz ± Mag  (Fig. 6c
and d). In most cases, the worm-like Amp + Pl ± Qz ± Mag sym-
plectites or coronas occur around embayed or nearly round garnet
grains that lack a corona of Opx + Pl symplectite. The formation of
the Amp + Pl symplectite may  be related to the following reactions
(Harley, 1989):
Cpx + Pl + H2O → Amp  (R4)
Grt + H2O → Amp  + Pl (R5)
Grt + Cpx + H2O → Amp  + Pl (R6)
Grt + Cpx + Qz + H2O → Amp  + Pl (R7)
6. Mineral chemistry
6.1.  Garnet
Representative garnet analyses are given in Table S2, and
all garnet analyses are plotted in the grossular–spessartine–
almandine–pyrope triangular diagram (Fig. S1). Garnets only
formed in the Jiaobei pre-peak prograde and the peak HP granulite-
facies stages, and they are dominantly almandine (48–78%), with
grossular (12–35%), pyrope (8–29%), and minor spessartine (1–10%)
(Table S2). Microprobe and scanning electron microscope (SEM)
analyses reveal two  types of variations: (1) zoning patterns within
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ndividual garnet grains from the same HP maﬁc granulite sample;
2) signiﬁcant variations between garnets from different HP maﬁc
ranulite samples.
The  zoning proﬁles of garnets that are surrounded by plagio-
lase and quartz in the HP maﬁc granulites are shown in Fig. S2.
he garnets are characterized from core to rim by a decrease in
rossular, an increase in spessartine and almandine, and a lack of
ariation in pyrope (Fig. S2). The cores of near-euhedral grains are
ompositionally homogeneous with ﬂat proﬁles, and they possibly
epresent the peak HP granulite-facies metamorphism. The out-
rmost rims have low grossular and high almandine contents (Fig.
2), which reﬂects a resetting by diffusion and net transfer reaction
uring post-peak decompression.
Signiﬁcant compositional differences exist between garnets
rom the different HP maﬁc granulites samples (Table S2; Fig. S1).
he cores of garnets from some HP maﬁc granulites have relatively
igh grossular and pyrope, and relatively low almandine contents,
ompared to garnets from other HP maﬁc granulites (Table S2;
ig. S1). These compositional characteristics suggest that garnet
ompositions were controlled not only by the metamorphic P–T
onditions, but also by the chemical compositions of the host rocks.
In comparison with garnets formed during the peak HP
ranulite-facies metamorphic stage in other early Precambrian
ranulite-facies terranes worldwide, the CaO and MgO contents
f the Jiaobei M2 stage garnets are respectively about 12.0 wt%
nd 4.0 wt% higher and lower than in garnets in the Sanggan HP
aﬁc granulites (Guo et al., 2002), the Kouibli HP maﬁc granulites
Pitra et al., 2010), and the Kanja Malai–Perundurai HP maﬁc gan-
lites (Saitoh et al., 2011), but they are similar to the CaO and MgO
ontents of garnets in the Hengshan HP maﬁc granulites (Zhao et al.,
001b) and the Snowbird maﬁc granulites (Baldwin et al., 2003).
hese data may  indicate that the peak temperature and pressure
onditions of the Jiaobei HP granulites were similar to those in the
engshan and Snowbird maﬁc granulites.
.2. Plagioclase
Table S3 lists representative analyses of all textural types of
lagioclases, including plagioclase inclusions within garnet, coarse-
rained matrix-plagioclase, plagioclase from Px + Pl symplectitic
oronas, and plagioclase from Amp  + Pl symplectitic coronas.
In most samples, the plagioclase inclusions within garnet show
o pronounced compositional variations, and they are andesine
n composition. However, a distinct compositional zoning from
ytownite cores to labradorite rims characterizes the plagioclase
nclusions within the garnet of sample QX9-1a. It is noted that pla-
ioclase inclusions within the garnet of sample QX11-1 have the
owest calcium content amongst the different plagioclase inclusion
amples.
In general, plagioclases in symplectites are more calcic than
ther types of plagioclase, and they vary from andesine to bytown-
te (Fig. S3). Plagioclase in a symplectite in HP maﬁc granulite
X9-1a shows a distinct compositional zoning, varying in com-
osition from bytownite to labradorite (Table S2; Fig. S3). The
igher anorthite contents of the symplectite plagioclase are always
resent in the rims in contact with or close to a garnet grain (Figs. S4
nd S5). There is a pronounced compositional difference between
lagioclase in the Opx + Cpx + Pl symplectites (QX9-2 and QX9-1a)
nd plagioclase in the Amp  + Pl symplectites (PD22a-06) (Table S2;
ig. S3), implying that plagioclase composition is chieﬂy controlled
y the chemical composition of the host bulk-rock.
Coarse-grained matrix-plagioclases from QX11-1, PD13c-01,
D2a-2, and QX87-1 are generally less calcic than symplectite
lagioclase, and they vary from andesine to labradorite. There is
igniﬁcant compositional zoning from core to rim in the coarse-
rained matrix-plagioclases. For example, a plagioclase in samplerch 233 (2013) 237– 258
QX9-1a,  0.20 mm across, and located between a large garnet crys-
tal and a corona with clinopyroxene, shows compositional zoning
from An50 (core) to An80 (rim) (Figs. S4 and S5). The compositional
data imply that plagioclase compositions in the Jiaobei HP gran-
ulites are controlled by the chemical composition of the bulk-rock
as well as the textural context.
6.3. Clinopyroxene
Representative clinopyroxene analyses are given in Table S4,
including inclusions in garnet, matrix grains, and the clinopy-
roxene in coronas and symplectites. All clinopyroxenes are
dominated by a diopside–hedenbergite component together with
enstatite–ferrosilite and Ca-tschermaks (Fig. S6). The remarkable
feature of the clinopyroxenes from the Jiaobei HP granulites is
the pronounced variation in Al2O3 contents, ranging from 1.50 to
5.00 wt% (Table S4). However, it should be noted that the Al2O3
contents of clinopyroxenes in the matrix are higher than in the
clinopyroxene inclusions within garnets or the worm-like clinopy-
roxenes in coronas and symplectities (Fig. S7), and this implies that
the matrix clinopyroxenes formed at a higher pressure than other
types (Anovitz, 1991).
6.4.  Orthopyroxene
Table S5 lists representative core and rim compositions of
matrix orthopyroxene, compositions of worm-like orthopyroxene
in symplectites and coronas, and compositions of orthopyroxene
inclusions within garnet. In a single sample, there are no sig-
niﬁcant compositional variations among the different types of
orthopyroxene (Table S5; Fig. S8). In contrast, the orthopyroxenes
from different HP maﬁc granulites show pronounced differences
in the XMg ratios (0.23–0.62) and Al2O3 contents (0.43–3.00 wt%),
and these differences may  be chieﬂy controlled by the chemical
compositions of the host bulk-rocks (Table S5). According to the
nomenclature of Deer et al. (1997), the compositions of the ana-
lyzed orthopyroxenes range from hypersthene to eulite (Table S5;
Fig. S8).
6.5.  Amphibole
Amphibole analyses have been divided into two groups: (1)
cores of matrix amphiboles; (2) amphiboles in symplectites asso-
ciated with symplectitic plagioclase. Representative analyses are
listed in Table S6. According to the nomenclature of Leake et al.
(1997) the compositions of the amphiboles range from ednite to
pargasite (Fig. S9). Matrix amphiboles associated with hypersthene
and clinopyroxene have higher TiO2 contents (1.61–2.59 wt%) than
the amphiboles in symplectites (0.14–1.16 wt%). According to the
classiﬁcation of Jin (1991), most matrix amphiboles plot in the
granulite-facies, whereas the symplectitic amphiboles plot in the
amphibolite facies (Fig. S10).
7. Thermobarometric evaluation
Generally, partially equilibrated mineral assemblages can
record major parts of the P–T conditions undergone by HP maﬁc
granulites (Elvevold and Gilotti, 2000; O’Brien, 2008). The pro-
grade metamorphic history is mainly recorded by minerals that
are preserved as inclusions within garnet (Zhao et al., 2001b;
Guo et al., 2002). In contrast, many characteristic decompressional
textures, such as coronas, symplectites, reaction rims, and com-
positional zoning are vital for deﬁning the retrograde P–T path.
On the basis of petrographic observations of the textural rela-
tionships in the Jiaobei HP maﬁc granulites, three critical mineral
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arageneses have been selected for further study in order to deter-
ine the P–T conditions during the different metamorphic stages
utlined above, namely Grt + Cpx + Pl + Qz, Grt + Opx + Pl + Qz, and
rt + Amp + Pl + Qz.
.1.  Pre-peak prograde stage (M1)
In the Jiaobei HP maﬁc granulites, ﬁne-grained Cpx + Pl ± Qz
nclusions within the cores of the coarse-grained garnets, which
re not connected by cracks, have been recognized as typical pro-
rade assemblages. Accordingly, the core compositions of garnet
nd the ﬁne-grained inclusions of clinopyroxene and plagioclase
ere chosen for P–T calculations of the pre-peak prograde stage
M1). Temperatures were calculated using Grt–Cpx geothermome-
ers and the following formulae (Krogh, 1988; Powell, 1985; Ellis
nd Green, 1979):
(◦C) =
(
−6173(XCa)2 + 6713XCa + 1879 + 10P(kb)
ln KD + 1.393
)
− 273 (1)
(◦C) =
(
2790 + 10P(kb) + 3140XCa
ln KD + 1.735
)
− 273 (2)
(◦C) =
(
3030 + 10.86P(kb) + 3104XCa
ln KD + 1.9034
)
− 273 (3)
Grt–Cpx–Pl–Qz geobarometers, using the following formulae,
llowed us to estimate early prograde metamorphic pressures
Eckert et al., 1991; Newton and Perkins, 1982):
(kbar) = 2.60 + 0.01718 T(K) + 0.003596 T(K)ln KD (4)
(kbar)  = 1.425 + 0.017929 T(◦C) + 0.0035962 T(◦C)ln KD (5)
Eight Grt–Cpx–Pl–Qz pairs of the two HP maﬁc granulite sam-
les yielded a P–T range of 0.90–1.00 GPa and 740–770 ◦C (Fig. S11a;
ables S7 and S8), which is representative of the conditions of the
re-peak prograde stage of the Jiaobei HP maﬁc granulites.
.2.  Peak HP granulite-facies stage (M2)
The  characteristic peak mineral assemblage in the Jiaobei maﬁc
ranulites is Grt + Cpx + Pl ± Qz ± Rt. The core compositions of gar-
et grains with the highest grossular contents, the coarse-grained
atrix clinopyroxenes with the highest jadeite contents, and
he coarse-grained matrix plagioclases with the lowest anorthite
ontents, were chosen for calculating the peak P–T conditions of
he HP granulite-facies stage (M2).
Using the same geothermometers and geobarometers as those
hosen for the M1 stage, 10 Grt–Cpx–Pl–Qz pairs of the three HP
aﬁc granulite samples yielded a P–T range of 1.45–1.65 GPa and
50–880 ◦C, which is representative of the peak conditions of the
P granulite-facies stage in the Jiaobei rocks (Fig. S11b; Tables S7
nd S8).
.3. Post-peak near isothermal decompression granulite-facies
tage (M3)
The  typical M3 assemblage contains worm-like orthopyroxene,
linopyroxene, and plagioclase in symplectites that are the prod-
cts of garnet breakdown. The compositions of the rims of the
esidual garnets (which have lower grossular contents), the worm-
ike orthopyroxenes and clinopyroxenes with the lowest jadeite
ontents, and the plagioclases around the residual garnets were
hosen for calculating the P–T conditions during the post-peak nearrch 233 (2013) 237– 258 245
isothermal decompression granulite-facies stage (M3). Tempera-
tures were calculated using Opx–Cpx geothermometers and the
following formulae (Taylor, 1998; Wells, 1977):
T(◦C) =
(
[24, 787 + 678P(GPa)]
[15.67 + 14.37 + TiCpx + 36.9(Fe2+)Cpx − 3.25Xts + (ln KD)]
)
− 273,
Xts = (Al + Cr − Na)Cpx (6)
T(◦C) =
(
7341
3.355 + 2.44(XFe)Cpx − ln KD
)
− 273 (7)
Grt–Opx–Pl–Qz geobarometers, using the following formu-
lae, were used to estimate post-peak metamorphic pressures
(Bhattacharya et al., 1991; Newton and Perkins, 1982):
P(kbar) = 3.47 + 0.01307 T(K) + 0.003504 T(K)ln KD (8)
P(kbar)  = 3.694 + 0.01282 T(◦C) + 0.0035038 T(◦C)ln KD (9)
Eight Opx–Cpx pairs of two  samples and two Grt–Opx–Pl–Qz
pairs of one sample yielded a P–T range of 0.65–0.85 GPa and
780–830 ◦C (Fig. S11c; Tables S9 and S10), representing the P–T
conditions during the post-peak near isothermal decompression
granulite-facies stage in the Jiaobei HP maﬁc granulites.
7.4. Late amphibolite-facies retrograde stage (M4)
The  representative M4 assemblage is deﬁned by the appearance
of amphibole and plagioclase in hydrous symplectites around gar-
nets. The compositions of the rims of the residual garnets (which
have lower grossular contents), and the worm-like amphiboles
and plagioclases in the symplectites around the residual garnets,
were chosen for calculating the P–T conditions during the late
amphibolite-facies retrograde stage of metamorphism (M4).
Temperatures were calculated using Grt–Amp geothermome-
ters and the following formulae (Graham and Powell, 1984; Ravna,
2000):
T(◦C) =
(
2880 + 3280((XCa)Grt)
ln KD + 2.426
)
− 273 (10)
T(◦C) =
(
1504 + 1784((XCa)Grt + (XCa)Grt)
ln KD + 0.720
)
− 273 (11)
Grt–Amp–Pl–Qz geobarometers, using the following formulae,
allowed us to estimate metamorphic pressures during the late
amphibolite-facies retrograde stage (Kohn and Spear, 1990):
PMg(bar) =
79, 507 + 29.14 T(K) + 8.3144 T(K)ln KD
10.988
(12)
PFe(bar) =
35, 327 + 56.09 T(K) + 8.3144 T(K)ln KD
11.906
(13)
Three Grt–Amp–Pl–Qz pairs of one sample yielded a P–T range
of 0.62–0.82 GPa and 590–650 ◦C (Fig. S11d; Tables S11 and S12),
representing the P–T conditions during the late amphibolite-facies
retrograde stage in the Jiaobei HP maﬁc granulites.
8. Mineral inclusions and cathodoluminescence (CL)
imaging of zircon
We  studied zircons separated from three samples of HP maﬁc
granulite in the Jiaobei terrane. They are QX9-1, a Grt maﬁc gran-
ulite, QX66-2, a Grt amphibolite, and QX11-1, a Grt–Hyp granulite.
Petrographic observations show that they contain typical retro-
gressive products of the Jiaobei HP maﬁc granulites.
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Fig. 7. Plane polarized light (PPL) images, cathodoluminescence (CL) images, and LA-ICP-MS U–Pb ages of host zircons from Grt maﬁc granulite specimen QX9-1. (a) Zircon
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im, and 207Pb/206Pb ages. (c) Zircon grain QX9-1.33 with no mineral inclusions. (
etamorphic  core and low-luminescent metamorphic rim, and 207Pb/206Pb ages.
.1. Grt maﬁc granulite (QX9-1)
Zircons from QX9-1, a Grt maﬁc granulite, have irregular,
ounded, oval, and prismatic shapes, dark purplish red colors,
engths that range from 150 to 350 m,  and length to width
atios of 1:1 to 2.5:1 (Figs. 7 and 8). Based on CL imaging, crystal
abits, and mineral inclusions, these zircon grains can be subdi-
ided into two types. Type one is characterized by homogeneous
edium-luminescent metamorphic cores surrounded by relatively
omogeneous low-luminescent metamorphic rims (Fig. 7). Lumi-
escence of the cores and rims is homogeneous, typical of a
etamorphic origin. Widths of the rims are quite variable, ranging
rom a few to more than 50 m.  Laser Raman spectroscopy indi-
ates the presence of rare inclusions of Ap in cores and rims. Type
wo zircon grains are anhedral or nearly rounded, characterized by
omogeneous medium- to low-luminescence, and mineral inclu-
ions of Ap + Opx + Pl + Grt + Sph (Table S1). CL image features and
he crystal habits of type two zircon grains also indicate a meta-
orphic origin.
.2.  Grt amphibolite (QX66-2)
Zircon  grains from QX66-2, a Grt amphibolite, have irregular,
tubby, spherical to oval, and prismatic to pyramidal shapes, dark
urplish red colors, strong zoning, lengths of 50–200 m,  and
ength to width ratios of 1:1 to 3:1 (Fig. 9). Three types of these
ircon grains are recognized on the basis of CL imaging, crystal
hapes, and mineral inclusions. Type one zircon grains show rel-
tively low-luminescent inherited magmatic cores, some of which
re surrounded by narrow low- to medium-luminescent metamor-
hic rims. The inherited cores contain rare mineral inclusions such
s Ap. CL images of inherited cores show a pronounced zoning ofing medium-luminescent metamorphic core and low-luminescent metamorphic
image of the same metamorphic zircon as in (c) showing a medium-luminescent
magmatic origin (Fig. 9a and b). Type two  zircon grains exhibit
relatively homogeneous low-luminescent metamorphic cores, and
narrow high- to medium-luminescent metamorphic rims (Fig. 9c
and d). Laser Raman spectroscopy indicates the presence of rare
mineral inclusions of Ap + Qz + Pl in core domains of the zircon
grains. Type three zircons are characterized by relatively homo-
geneous medium-luminescent CL images (Fig. 9e–h), indicating a
metamorphic origin. Zircon grains of type three contain mineral
inclusions of Ap + Qz + Pl (Table S1).
8.3. Grt–Hyp granulite (QX11-1)
Zircon  grains from QX11-1, a Grt–Hyp granulite, have mainly
rounded, oval, and irregular shapes, dark purplish red colors,
lengths of 100–250 m,  and length to width ratios of 1:1 to 2:1.
Based on CL imaging, crystal shapes, and mineral inclusions, these
zircons are subdivided into two types. Type one zircon grains show
homogeneous low-luminescent CL images, and contain rare min-
eral inclusions such as Grt + Ap (Table S1; Figs. 10 and 11). Type two
zircons also show relatively homogeneous medium-luminescent
CL images. Laser Raman spectroscopy indicates the presence of rare
mineral inclusions of Ap in the type two zircon grains (Table S1;
Figs. 10 and 11).
9.  U–Pb dating of zirconsThe  results of 194 U–Pb analyses on 184 zircon grains from Grt
maﬁc granulite (QX9-1), Grt amphibolite (QX66-2), and Grt–Hyp
granulite (QX11-1) are summarized in Tables S13–S15, and plotted
on 207Pb/235U–206Pb/238U diagrams with 1 errors (Figs. 12–14).
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Fig. 8. Plane polarized light (PPL) images, cathodoluminescence (CL) images, and LA-ICP-MS U–Pb ages of host zircons from Grt maﬁc granulite specimen QX9-1. (a) Zircon
grain  QX9-1.16 with no mineral inclusions. (b) CL image of the same zircon as in (a) showing medium-luminescent metamorphic core and low-luminescent metamorphic
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.1. Grt maﬁc granulite (QX9-1)
U–Pb LA-ICP-MS analyses of zircons from QX9-1 deﬁne two
iscrete age groups (Table S13; Fig. 12). Twenty metamorphic
ores with low Th/U ratios (0.01–0.03) yielded relatively old
pparent 207Pb/206Pb ages ranging mainly from 1878 ± 21 to
864 ± 13 Ma,  with a weighted mean age of 1870 ± 7 Ma  (20
pots). The 207Pb/206Pb ages from the metamorphic core domains
re consistent with the HP granulite-facies metamorphic ages
ecorded by Grt–Cpx–Pl–Qz-bearing metamorphic zircon domains
n specimen PD13d-02 of Liu et al. (2012b), and the 207Pb/206Pb
ges are therefore interpreted as recording the time of the peak
P granulite-facies metamorphism in the Grt maﬁc granulite
pecimen QX9-1. In contrast, 53 spot analyses on metamorphic
ims and other metamorphic zircon domains with low Th/U
atios (0.01–0.16) yielded relatively younger 207Pb/206Pb ages
f 1862 ± 16 to 1822 ± 17 Ma,  with a weighted mean age of
848 ± 4 Ma  (53 spots). These ages are similar to the metamorphic
ges (1839 ± 3 Ma)  recorded in the Opx-bearing zircon domains
n sample PD16a-02 of Liu et al. (2012b), and the magmatic ages
1852 ± 9 Ma)  recorded by banded zones in magmatic zircons in a
eta-diorite described by Dong et al. (2011). The relatively younger
07Pb/206Pb ages should therefore represent the timing of the ret-
ogressive metamorphism in the Grt maﬁc granulite (QX9-1).
.2.  Grt amphibolite (QX66-2)
The 207Pb/206Pb ages recorded in different domains of zircons
rom QX66-2 can be subdivided into four groups (Table S14; Fig. 13).
hirteen pre-metamorphic inherited (magmatic) cores with Th/U
atios of 0.25–0.52 yielded reliable 207Pb/206Pb ages ranging mainly
rom 2547 ± 13 to 2501 ± 13 Ma,  and with a weighted mean age
f 2527 ± 9 Ma  (13 spots). Considering the inherited core domainsage of the same metamorphic zircon as in (c) showing a medium-luminescent CL
have  pronounced oscillatory and banded zoning, the 207Pb/206Pb
ages should represent the ages of the protolith of the retrogressive
HP maﬁc granulite specimen QX66-2. Seven inherited cores with
Th/U ratios of 0.28–0.40, and no zoning, recorded relatively younger
207Pb/206Pb ages of 2526 ± 13 to 2496 ± 12 Ma  with a weighted
mean age of 2514 ± 9 Ma (7 spots). These ages may represent the
timing of the late Neoarchean high-grade metamorphism of the
Grt amphibolite specimen QX66-2. Eleven spot analyses on meta-
morphic zircon domains with low Th/U ratios (0.01–0.04) yielded
207Pb/206Pb ages of 1898 ± 23 to 1865 ± 21 Ma,  similar to the HP
granulite-facies metamorphic ages recorded by domains of meta-
morphic zircons from specimens QX9-1 and PD13d-02 (Liu et al.,
2012b). Therefore, the 207Pb/206Pb ages are interpreted as timing
the early HP granulite-facies metamorphism of Grt  amphibolite
specimen QX66-2. Sixteen spot analyses on domains of metamor-
phic zircons with low Th/U ratios (0.01–0.08) yielded the youngest
207Pb/206Pb ages of 1861 ± 21 to 1824 ± 40 Ma,  with a weighted
mean age of 1848 ± 11 Ma  (16 spots) (Table S14; Fig. 13), and
these ages are consistent with the metamorphic age of 1839 ± 3 Ma
recorded by zircon domains in the Opx-bearing sample PD16a-02
(Liu et al., 2012b) as well as the metamorphic age of 1848 ± 4 Ma
for the retrogressive rims in sample QX9-1. Thus, the youngest
207Pb/206Pb ages are interpreted as timing the retrogressive meta-
morphism of Grt amphibolite specimen QX66-2.
9.3. Grt–Hyp granulite (QX11-1)
Two groups of 207Pb/206Pb ages in the metamorphic zircons
from sample QX11-1 are recognized on the basis of CL images,
mineral inclusions, and U–Pb dating (Table S15; Fig. 14). Four-
teen spot analyses on metamorphic zircons with low Th/U ratios
(0.03–0.16), yielded 207Pb/206Pb ages of 1880 ± 14 to 1869 ± 13 Ma,
with a weighted mean age of 1873 ± 8 Ma  (14 spots), consistent
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Fig. 9. Plane polarized light (PPL) images, cathodoluminescence (CL) images, and LA-ICP-MS U–Pb ages of host zircons from Grt amphibolite specimen QX66-2. (a) Zircon
grain  QX66-2.41 with no mineral inclusions. (b) CL image of the same zircon as in (a) showing low-luminescent magmatic zoning, and a 207Pb/206Pb age. (c) Zircon grain
QX66-2.17 with no mineral inclusions. (d) CL image of the same metamorphic zircon as in (c) showing a relatively homogeneous low-luminescent CL image, and a 207Pb/206Pb
age.  (e) Zircon grain QX66-2.76 with no mineral inclusions. (f) CL image of the same metamorphic zircon as in (e) showing a medium-luminescent CL image, and a 207Pb/206Pb
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Qge.  (g) Small round zircon grain QX66-2.54 with no mineral inclusions. (h) CL ima
nd  a 207Pb/206Pb age.
ith the timing of the peak HP granulite-facies metamorphism
n samples PD13d-02 and QX9-1. Thus, the 207Pb/206Pb age of
873 ± 8 Ma  is interpreted as timing the early HP granulite-facies
etamorphism of the Grt–Hyp granulite specimen QX11-1. In
ontrast, 61 spot analyses on metamorphic zircon domains with
are mineral inclusions yielded relatively younger 207Pb/206Pb ages
anging from 1864 ± 15 to 1804 ± 21 Ma  with a weighted mean age
f 1848 ± 4 Ma  (61 spots) (Table S15; Fig. 14). These younger ages
re similar to the retrogressive ages in other HP maﬁc granulites
rom the Jiaobei terrane, and they should represent, therefore, the
etrogressive metamorphic ages of the Grt–Hyp granulite specimen
X11-1.the same metamorphic zircon as in (g) showing a medium-luminescent CL image,
10.  Discussion
10.1. Protolith and metamorphic ages
10.1.1. Protolith ages
The  inherited cores in some zircon domains in the retrogressive
HP maﬁc granulite (PD16a-02) exhibit a pronounced oscillatory
zoning of magmatic origin (Liu et al., 2012b). These zircons yielded
a weighted mean 207Pb/206Pb age of 2753 ± 22 Ma,  and this age
has been interpreted as the crystallization age of the protolith of
the retrogressive HP maﬁc granulite (PD16a-02; Liu et al., 2012b).
Tam et al. (2011) obtained a SHRIMP zircon 207Pb/206Pb age of
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Fig. 10. Plane polarized light (PPL) images, cathodoluminescence (CL) images, and LA-ICP-MS U–Pb ages of host zircons from Grt–Hyp granulite specimen QX11-1. (a)
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tircon grain QX11-1.2 with no mineral inclusions. (b) CL image of the same meta
nd a 207Pb/206Pb age. (c) Zircon grain QX11-1.16 with no mineral inclusions. (d) 
edium-luminescent  CL image, and a 207Pb/206Pb age.
703 ± 12 Ma  from magmatic zircons in a HP maﬁc granulite in the
ansu area, and this age was also interpreted as the crystallization
ge of the protolith. These ages are comparable to the emplace-
ent ages of the TTG gneisses in this area. The TTG gneisses have
rotolith ages of 2750–2700 Ma,  as reported from the Laixi and
ixia areas (Tang et al., 2007; Jahn et al., 2008; Liu et al., 2011b,
013a). As described above, some inherited magmatic zircon core
ielded weighted mean ages of 2527 ± 9 Ma  and 2544 ± 36 Ma  for
rt amphibolite (Table S16; Liu et al., 2012b), and these ages are
nterpreted as protolith ages. Zhang et al. (2003) also obtained a
imilar protolith age of 2530 ± 17 Ma  for an amphibolite in the
aizhou area. Furthermore, Late Archean dioritic, TTG, and granitic
neisses were emplaced between 2564 and 2520 Ma  (Zhou et al.,
008a; Wan  et al., 2011; Liu et al., 2013a), and are widely distributed
n the Jiaobei terrane. These isotopic age data indicate that the pro-
olith ages of the Jiaobei HP maﬁc granulites fall in multiple periods,
hich include at least the periods 2750–2700 and 2550–2500 Ma.
0.1.2. Metamorphic ages
Numerous geochronological studies have been examined for the
etamorphic basement rocks in the Jiaobei terrane (Table S16).
owever, these studies were commonly unable to distinguish the
iming of the peak HP granulite-facies metamorphism from the
ater retrogressive metamorphism. There is a large variation in ages
anging from 1950 to 1800 Ma  (Table S16), and the exact meaning
f these ages requires further analysis.The metamorphic cores and retrogressive rims can be identiﬁed
n CL images of some zircon grains from Grt maﬁc granulite sample
X9-1. The cores record consistent 207Pb/206Pb ages of 1878 ± 21
o 1864 ±13 Ma  with a weighted mean age of 1870 ± 7 Ma.ic zircon as in (a) showing a relatively homogeneous low-luminescent CL image,
age of the same metamorphic zircon as in (c) showing a relatively homogeneous
Abundant  metamorphic zircons from various rocks in the Jiaobei
terrane also record similar 207Pb/206Pb ages, ranging mainly
from 1900 to 1860 Ma,  including metamorphic ages of 1878 ± 14,
1873 ± 7, 1877 ± 17, 1882 ± 2, and 1884 ± 42 Ma  for Grt amphibo-
lite, Grt–Hyp granulite, meta-ultramaﬁc rock, Grt–Px granulite, and
the two-mica Sil–Grt gneiss, respectively (Table S16; Liu et al.,
2011c,d, 2012b; Tam et al., 2011). Especially, Mineral inclusions
that grew during the HP granulite-facies metamorophic stage, such
as Grt + Cpx + Pl + Rt + Qz, were ﬁrst identiﬁed as inclusions in meta-
morphic zircons from Amp–Opx–Cpx granulite PD13d-02 (Liu et al.,
2012b). These zircons yield similar 207Pb/206Pb ages of 1925 ± 27
to 1853 ± 21 Ma,  with a weighted mean age of 1872 ± 12 Ma  (Liu
et al., 2012b). Therefore, these ages are interpreted as the timing of
the peak HP granulite-facies metamorphism of the HP granulites in
the Jioabei terrane.
Retrogressive rims can be identiﬁed in CL images of some zir-
cons from Grt maﬁc granulite sample QX9-1 (Figs. 7 and 8). Laser
Raman analysis reveals that some retrogressive zircons contain a
mineral assemblage of Grt + Opx + Pl + Sph, indicative of middle- to
low-pressure granulite-facies metamorphism (Fig. 15). Compared
with the cores of some zircons, these rims or retrogressive zir-
cons record younger 207Pb/206Pb ages ranging from 1862 ± 16 to
1822 ± 17 Ma,  with a weighted mean age of 1847 ± 4 Ma. A recent
study reported that abundant retrogressive zircons from Grt-Hyp
granulite and Grt amphibolite contain Opx and Amp  inclusions, and
record similar 207Pb/206Pb ages of 1849 ± 11 to 1817 ± 13 Ma  (Liu
et al., 2012b). Furthermore, other metmorphic rocks within the
Jiaobei terrane record similar retorgression ages, and Faure et al.
(2003) reported an amphibole 40Ar/39Ar age of 1803 ± 12 Ma  in
HP maﬁc granulite in the Jiaobei area (Table S16). Therefore, these
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Fig. 11. Plane polarized light (PPL) images, cathodoluminescence (CL) images, and LA-ICP-MS U–Pb ages of host zircons from Grt–Hyp granulite specimen QX11-1. (a)
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nd  a 207Pb/206Pb age. (c) Zircon grain QX11-1.33 with no mineral inclusions. (d) 
edium-luminescent  CL image, and a 207Pb/206Pb age.
ounger 207Pb/206Pb ages are interpreted as the timing of the post-
eak retrogressive metamorphism of the HP granulites within the
iaobei terrane.
In  addition, Liu et al. (2012a) obtained a partial melting age
f 1860 ± 4 Ma  recorded by magmatic zircons from granitic leu-
osome within HP maﬁc granulite. Dong et al. (2011) reported
 magmatic event dated at 1852 ± 9 Ma  based on analyses of
agmatic zircons in meta-diorite. These age data indicate that a
ig. 12. 206Pb/238U–207Pb/235U diagrams showing U–Pb analyses of zircon from Grt
aﬁc  granulite specimen QX9-1.hic zircon as in (a) showing a relatively homogeneous low-luminescent CL image,
age of the same metamorphic zircon as in (c) showing a relatively homogeneous
magmatic event occurred during exhumation of the Jiaobei HP ter-
rane.
10.2. P–T–t path and tectonic implications
10.2.1. P–T–t path
The  mineral assemblages of the four metamorphic stages, their
P–T thermobarometry, metamorphic reaction textures and mineral
chemistry, combined with isotopic data can be used to reconstruct
the P–T–t path of the Jiaobei terrane HP maﬁc granulites which is
Fig. 13. 206Pb/238U–207Pb/235U diagrams showing U–Pb analyses of zircon from Grt
amphibolite  specimen QX66-2.
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Fig. 16. Generalized P–T–time path for the Jiaobei HP maﬁc granulites: EA,
epidote  amphibolite-facies; AM,  amphibolite-facies; GR,  granulite-facies; HGR,
high-pressure granulite-facies. The Al2SiO5 polymorph transformation reactions are
underwent initial crustal thickening followed by rapid exhuma-
F
Oig. 14. 206Pb/238U–207Pb/235U diagrams showing U–Pb analyses of zircon from
rt–Hyp  granulite specimen QX11-1.
mportant for understanding the tectonic evolution of the southern
egment of the JLJB. The early prograde stage (M1), represented by
ineral inclusions of Cpx + Pl ± Qz in the cores of garnets, is con-
ned at P–T conditions of 740–770 ◦C and 0.9–1.0 GPa. The peak
M2) stage, which is characterized by the mineral assemblage of
rt + Cpx + Pl ± Qz ± Rt, recorded the P–T conditions of 850–880 ◦C
nd 1.45–1.65 GPa (Fig. 16). The metamorphic zircons formed in the
2 stage record the peak HP granulite-facies metamorphic ages of
900–1860 Ma  (Fig. 16). Following M2 is the post-peak (M3) stage,
t which the Cpx + Pl + Opx symplectite developed together with
lm, mag  and Qz in the rims of garnets, recording the P–T condi-
ions of 780–830 ◦C and 0.65–0.85 GPa. The retrograde (M4) stage
eatured by the Amp  + Pl + Qz + Ilm symplectite is conﬁned at P–T
onditions of 590–650 ◦C and 0.62–0.82 GPa (Fig. 16). The meta-
orphic zircons formed in the M3 and M4 stages record post-peak
ig. 15. Back scattered electron (BSE) images showing typical mineral inclusions in retr
px;  (d) Sph.from Salje (1986). Fields of metamorphic facies and subfacies are from Spear (1993).
Ab = Jd + Qz (Holland, 1980).
retrogressive ages of 1860–1820 Ma.  These mineral assemblages,
their P–T conditions, and isotopic data deﬁne a clockwise P–T–t path
for the HP maﬁc granulites, suggesting that the rocks underwent
near-isothermal decompression and subsequent cooling follow-
ing the peak metamorphism, implying that the Jiaobei terranetion/uplift, which is consistent with the collisional charateristics of
the JLJB suggested by Bai (1993), Li et al. (2011a) and Zhao et al.
(2011).
ogressive zircons from the Grt maﬁc granulite specimen QX9-1: (a) Grt; (b) Pl; (c)
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Fig. 17. PT diagram showing comparative metamorphic P–T paths in the basement
rocks  of the Jiaobei terrane, North China Craton. The metamorphic P–T paths are:
(1) HP maﬁc granulites (this study); (2) HP pelitic granulites (Tam et al., 2012a); (3)
HP maﬁc granulites (Tam et al., 2012c); (4) HP pelitic granulites (Zhou et al., 2004);
(5) HP maﬁc granulites (Liu et al., 1998); (6) Medium-pressure pelitic granulites52 P. Liu et al. / Precambrian
0.2.2. Tectonic implications
The  tectonic setting responsible for the HP granulite-facies
etamorphism is a hot topic within the tectonic and metamor-
hic ﬁelds. Possible tectonic settings include: (1) overthickened
rust (∼50 km-thick) associated with large-scale thrusting in a col-
isional orogenic belt (e.g. Carswell and O’Brien, 1993; Indares,
995, 1997; Zhao et al., 2001b; Guo et al., 2002; O’Brien, 2008); (2)
rustal thickening and subsequent exhumation of the HP granulites
uring homogeneous fold-dominated deformation of hot crustal
omains within some orogenic belts (e.g. Feybesse and Milési,
994; Schulmann et al., 2002, 2008; Sˇtípská  et al., 2004; Pitra et al.,
010); and (3) the formation of HP granulites near the base of a
ormal-thickness continental crust (30–35 km-thick) by thermal
erturbations at the base of the crust followed by isobaric cooling
oward a cratonic geothermal gradient. HP granulites are thought to
ecord the long-term evolution of the lower crust (e.g. Percival and
ard, 1983; Percival and McGrath, 1986; Handy and Zingg, 1991),
nd here we consider the most likely tectonic setting of the Jiaobei
P maﬁc granulites.
The  Jiaobei terrane is located in the southeastern segment of
he JLJB in the NCC. The Paleoproterozoic tectonic evolution of the
rust within the JLJB is controversial, and various tectonic models
ave been proposed for the tectonic setting and evolution of the
LJB, including arc–continent collision model (Bai, 1993; Faure et al.,
004; Lu et al., 2006), and the opening and closure of an intra-
ontinental rift model (Zhang and Yang, 1988; Peng and Palmer,
995; Li et al., 2004a,b, 2005, 2006, 2011a, 2012; Luo et al., 2004,
008; Li and Zhao, 2007).
Bai  (1993) suggested that the Longgang and Rangnim Blocks are
wo exotic Archean continental blocks, and the JLJB represented
n intervening island arc and back-arc basin. Northward subduc-
ion beneath the southern side of the Longgang Block during the
alaeoproterozoic formed an active continental margin, whereas
he Rangnim Block remained a passive continental margin (Bai and
ai, 1998). In contrast, Faure et al. (2004) suggested an alterna-
ive arc–continent collision model where the maﬁc–ultramaﬁc and
edimentary rocks of the North Liaohe Group formed in a mag-
atic arc belt that developed above a south-directed subduction
one between a northern Archean block and a southern block that
ncluded the South Liaohe Group. This magmatic arc belt was  sub-
equently overthrust onto Archean basement to the north during
n arc–continent collision. Lu et al. (2006) suggested a similar
rc–continent collision model where subduction and subsequent
ollision of the Longgang Block beneath the Langrim Block was
ollowed by crustal thickening, melting, and subsequent orogenic
ollapse. Kusky and Santosh (2009) prosposed that the deformation
nd metamorphism of the JLJB were caused by the intracontinental
rogenesis in a collision-related basin that developed during the
920 Ma  collisional event between the northern margin of the NCC
nd part of the Columbia supercontinent.
The rifting–closure model for the JLJB was initially proposed by
hang and Yang (1988) who speculated that the Eastern Block of the
CC underwent rifting during the early Paleoproterozoic, leading to
ormation of the sedimentary–volcanic successions and granitoids
nd maﬁc intrusions. Subsequently, the rift basin closed during the
ate Paleoproterozoic to form the JLJB. This rifting–closure model
as been recently modiﬁed by Sanzhong Li and his collaborators
Li et al., 2001, 2003, 2004a,b, 2005, 2006, 2011a, 2012; Luo et al.,
004, 2006, 2008; Li and Zhao, 2007), who argued that the pro-
esses involved in underplating, collision and delamination within
he deep lithosphere controlled the tectonic evolution of the crust
n the JLJB. In addition, some researchers proposed that the Jiaobei
P maﬁc and pelitic granulites in the southeastern part of the JLJB
rovide evidence that the JLJB is a Paleoproterozoic rift- and- col-
isional belt, and further suggested that the Archean Longgang and
angrim Blocks were originally part of a single continental block(Tam  et al., 2012b); (7) Al-rich gneisses (Wang et al., 2010a). The Al2SiO5 polymorph
transformation  reactions are from Salje (1986).
that underwent Paleoproterozoic rifting, leading to the formation of
volcanic–sedimentary sequences, the emplacement of the granit-
oids and maﬁc intrusions, and closure of the rift through subduction
and collision at ∼1930–1900 Ma  (Zhou et al., 2008b; Zhao et al.,
2011, 2012; Tam et al., 2011, 2012a,b,c).
However, none of these models can fully explain all of the fea-
tures of the Paleoproterozoic JLJB. For example, the arc–continent
collision model cannot explain the absence of calc-alkaline igneous
associations within the JLJB. Whereas, the rifting–closure model
cannot reasonably explain the presence of polyphase compressive
deformation, clockwise P–T paths, and signiﬁcant depletion of high
ﬁeld strength elements (HFSE) (Sun et al., 1993; Faure et al., 2004;
Wang et al., 2011a) in the Paleoproterozoic maﬁc rocks of the JLJB.
Although the nature of the JLJB is still controversial, it is now com-
monly accepted that it represents an orogenic belt that formed
between the Langrim and Longgang Blocks at 1950–1800 Ma  (Bai,
1993; Faure et al., 2004; Li et al., 2004a,b, 2005, 2012; Luo et al.,
2004, 2006, 2008; Lu et al., 2006; Li and Zhao, 2007; Zhou et al.,
2008b; Tam et al., 2011, 2012a,b,c; Wang et al., 2011a). A number
of collision-related granitic rocks have been identiﬁed in the north-
ern part of the JLJB (Cai et al., 2002; Lu et al., 2004, 2005, 2006; Li
and Zhao, 2007). Previous and present studies (Tam et al., 2011,
2012c) reveal that the Jiaobei HP maﬁc granulites are character-
ized by a clockwise P–T–t path with decompression and cooling
after peak HP granulite-facies metamorphism (Fig. 17; Liu et al.,
1998; Tam et al., 2012c). The HP pelitic granulites with prograde
zoning of garnets in the Jiaobei terrane record a similar P–T–t path
(Fig. 17; Zhou et al., 2004; Wang et al., 2010a; Tam et al., 2012a).
This suggests that the HP granulites within the Jiaobei terrane
underwent complex tectonothermal evolotion at 1950–1800 Ma,
including crustal thickening (M1 and M2), uplift and exhumation
(M3), and subsequent cooling (M4). Clockwise P–T–t paths that
involve decompression are generally thought to be related to sub-
duction and collision (England and Thompson, 1984; Thompson
and England, 1984; Harley, 1989; Carswell and O’Brien, 1993;
O’Brien and Rötzler, 2003; Brown, 2007).
Recently, Zhou et al. (2008b), Wang et al. (2010a) and Tam
et al. (2012a) reported Paleoproterozoic HP pelitic granulites from
P. Liu et al. / Precambrian Research 233 (2013) 237– 258 253
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Fig. 18. Geochronology distribution map  of late Paleoproterozoic metamorphic ag
orresponds to the order number in Table S16.
he sourthern segment of the JLJB (Fig. 17). The existence of HP
elitic granulites is important for recognition of collisional oro-
ens because only palte tectonic processes involving subduction
nd continent–continent collision can bring the sedimentary pre-
ursors of pelitic rocks into a lower crust where they experience
P granulite-facies metamorphism (e.g. Zhao et al., 2012). This sug-
ests that the presence of HP pelitic and maﬁc granulites within the
LJB impies that the evolution of the JLJB must have been involved in
ubdution-collision tectonic processes. In other words, even though
he JLJB formed by the opening and closing of a rift basin (e.g. Zhang
nd Yang, 1988; Luo et al., 2004, 2008; Li et al., 2004a,b, 2005, 2006,
011a, 2012; Li and Zhao, 2007), this rift basin must have devel-
ped into an ocean basin at least in its southern segment, where
he oceanic lithosphere was subducted, leading to the ﬁnal closure
f the ocean basin with the formation of the HP pelitic granulites
Zhao et al., 2012; Zhao and Zhai, 2013). In this sense, the JLJB can
e regarded as a Paleopreoterozoic rift-and-collision belt in the
astern Block in the NCC.
0.3.  Tectonic-thermal events in the Jiaobei terrane
As previous and precent studied (Fig. 18; Table S16), important
ectonic-thermal events in the sourthern segment of the JLJB have
een summarized as follows.
3500–3100  Ma:  The age group recorded in the inherited (mag-
atic and detrital) zircons from various meta-sedimentary rocks in
enzishan Group, Late Archean (∼2550 Ma)  granitic gneisses, andhe early Precambrian basement rocks of the Jiaobei area. The number in brackets
Mesozoic granites, suggests that a Meso-Paleo basement with com-
ponents up to at least 3500 Ma  old possibly exists within the Jiaobei
terrane (Ji, 1993; Wang et al., 1998; Li et al., 2005a,b; this study).
∼2900  Ma:  This age has been identiﬁed in abundant magmatic
zircons from the Jiaobei TTG gneisses, representing the timing of
emplacement of the TTG gneisses in the Jiaobei area. Nd and Hf iso-
tope data indicate that the protoliths of the TTG gneisses originated
in a relatively juvenile crust, with a limited contribution from older
crustal components (Jahn et al., 2008; Liu et al., 2013a). It is also
worthy to note that the presence of the ∼2900 Ma  TTG gneisses
distinguishes the Jiaobei terrane from other tectonic units in the
NCC.
2750–2700 Ma:  This period witnessed most signiﬁcant mag-
matic events in the Jiaobei area, including a emplacement of
the Neoarchean granitic and maﬁc magmas at 2750–2700 Ma
(Tang et al., 2007; Jahn et al., 2008; Tam et al., 2011; Liu et al.,
2012b, 2013a) and a partial melting event of the TTG gneisses
and older supracrustal rocks at ∼2700 Ma  (Faure et al., 2003; this
study).
2550–2450 Ma:  This period shows an important late
Neoarchean magmatic event, including the emplacement of
maﬁc, 2550–2500 Ma  (Zhang et al., 2003; Wan  et al., 2011; Liu
et al., 2012b, 2013a; Zhou et al., 2008a). Previous and precent
studies indicate that this magmatic event involved not only the
recycling of old crustal material, but also the formation and growth
of new juvenile crust. On the other hand, abundant metamorphic
zircons separated from Meso-Paleoarchean TTG gneisses (Jahn
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t al., 2008; Liu et al., 2011b) dioritic–granitic gneisses (Wan  et al.,
011; Liu et al., 2011b, 2013a), retrogressive HP maﬁc granulites
ecord consistent 207Pb/206Pb ages around 2520–2500 Ma  (Liu
t al., 2012b), which supports the Jiaobei terrane experienced an
mportant metamorphic event at late Neoarchean.
2450–2100 Ma:  This period is represented by the ages of inher-
ted (magmatic or detrital) zircons from various meta-sedimentary
ocks within the Jingshan and Fenzishan groups (Wan  et al., 2006;
hou et al., 2008a; Liu et al., 2011d). In addition, Paleoproterozoic
eta-gabbro and granitic gneiss (2102–2095 Ma)  have been also
dentiﬁed in the north part of the Laiyang area (Liu et al., 2011b,
013b), indicating an important Paleoproterozoic juvenile crust-
orming and magmatic event probably occurred at this time.
2100–1950  Ma:  This is the probable timing of deposition of the
oungest sediments in the Jingshan and Fensishan groups on a con-
inental margin. This age interval is consistent with the youngest
nherited ages of 2100 ± 10 Ma recorded in the inherited (magmatic
r detrital) zircons from Si–Grt–Pl gneiss (e.g. Liu et al., 2011d).
1950–1900 Ma:  The nature of the Jiaobei metamorphic event at
950–1900 Ma  is uncertain. However, many previous and present
ata leads us to think that these ages probably represent the timing
f the pre-peak prograde metamorphism of the Jiaobei HP gran-
lites (Table S16; Fig. 18).
1900–1860 Ma:  The timing of the high grade metamorphism
as been documented by SHRIMP and LA-ICP-MS U–Pb dating of
ircons from TTG and granitic gneisses, meta-maﬁc and -ultramﬁc
ocks, and various meta-sedimentary rocks in the Jiaobei terrane
ver past 10 years (Table S16; Fig. 18). The timing of the granulite-
acies metamorphism ranges from 1961 Ma  to 1832 Ma  (Table S16;
ig. 18). In our previous and present studies, however, most meta-
orphic zircon domains with or without index HP granulite-facies
ineral inclusions, such as Grt + Cpx + Pl + Qz + Rt from the Jiaobei
P granulites and their country rocks record consistent 207Pb/206Pb
ges ranging from 1898 to 1864 Ma  (Table S16; Fig. 18). Thus,
nly one Paleoproterozoic HP granulite-facies metamorphic event
1900–1860 Ma)  is unequivocally established in the Jiaobei terrane.
1860–1800 Ma:  A precise younger age group is well-recorded
n the outmost zircon rims and Opx-bearing zircon domains from
eta-maﬁc rocks and their country rocks (Fig. 18; Table S16). For
xample, the retrogressive rims of some zircons in the Grt maﬁc
ranulite (QX9-1) and Opx-bearing zircon domains in the Grt-Hyp
ranulite (PD16a-02) record younger weighted mean 207Pb/206Pb
ges of 1847 ± 4 Ma  and 1839 ± 3 Ma,  respectively, which are con-
istent with 40Ar/39Ar ages of 1830–803 Ma  for amphiboles from
he HP maﬁc granulites (Faure et al., 2003). Thus, the regional
ost-peak granulite- to amphibolite-facies overprint in the Jiaobei
errane has a well-constrain at 1860–1800 Ma.
1.  Conclusions
Systematically petrological and geochronological analyses of
he HP maﬁc granulites within the Jiaobei terrane, together pre-
xisting data yield the following conclusions.
. The Jiaobei HP maﬁc granulites are composed chieﬂy of Grt maﬁc
granulites,  Grt–Hyp granulites, and Grt amphibolites, and occur
mainly  as irregular lenses or as a set of deformed dike swarms
within  the TTG gneisses or granitic gneisses. They crop out in a
HP metamorphic belt at least 200 km long from SW Pingdu to NE
Qixia within the Jiaobei terrane.
.  The HP maﬁc granulites contain four distinct metamorphic min-
eral assemblages (M1–M4). The early prograde assemblage (M1)
is  represented by the cores of garnets, together with mineral
inclusions of Cpx + Pl ± Qz, and it formed at 740–770 ◦C and
0.90–1.00 GPa. The peak assemblage (M2) consists of high-Carch 233 (2013) 237– 258
cores in Grt, high-Al cores in Cpx, and high-Na cores in Pl
in  the matrix, which formed at P–T conditions of 850–880 ◦C
and  1.45–1.65 GPa. The peak metamorphism was followed by
near-isothermal decompression (M3), which resulted in the
development of Opx + Cpx + Pl ± Qz ± Amp  ± Mag symplectites
or  coronas surrounding relict garnet, recording P–T conditions of
780–830 ◦C and 0.65–0.85 GPa. Surrounding some relict garnet
grains  are new ﬁne-grained symplectites of Amp + Pl + Qz ± Mag,
which  formed during a cooling retrograde stage (M4) with P–T
conditions  of 590–650 ◦C and 0.62–0.82 GPa.
3. Zircon U–Pb data, combined with CL images and mineral inclu-
sions  in different zircon domains, reveal that the protolith
ages of the Jiaobei HP maﬁc granulites fall in multiple periods,
which  include at least the period 2550–2500 Ma, and that the
timing  of the HP granulite-facies metamorphism ranges from
1900  Ma  to 1860 Ma,  as recorded by metamorphic zircon cores.
The  medium- to low-pressure (MLP) granulite–amphibolite
facies retrogressive metamorphism occurred in the period
1860–1800 Ma,  as recorded by metamorphic zircon rims and the
retrogressive zircons with LMP  granulite facies mineral inclu-
sions  of Grt + Opx + Pl.
4.  Mineral assemblages, their P–T conditions, and zircon U–Pb data
together  deﬁne a clockwise P–T–t path for the Jiaobei HP maﬁc
granulites that involves near-isothermal decompression and
near-isobaric cooling following the peak metamorphism. This
data,  combined with previous studies, suggest that the Jiaobei
terrane  must have been involved in subduction- and collision-
related  tectonic processes during the period 1950–1800 Ma.
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